OBJECTIVES: Investigate myocardial stress adaptation and remodelling capacity of a rigid and semi-rigid mitral annuloplasty ring.
INTRODUCTION
Mitral valve (MV) regurgitation is the second most common valvular heart disease in the European population [1] with a prevalence of up to 10% in the general population, increasing with age [2] . Surgical MV repair has shown to be excellent regarding survival and reoperation compared to a traditional MV replacement [3] [4] [5] [6] .
Ongoing discussions about whether or not the remodelling effect of an annuloplasty ring has any impact on the repair persist. Several studies with mitral regurgitation due to degenerative valve disease report no difference in the general outcome between rigid, semi-rigid or flexible annuloplasty rings [7, 8] . In the case of ischaemic disease as the underlying causes of regurgitation, some results suggest better outcome with a rigid ring [9] . Further investigations about the biomechanical influence of these mitral annuloplasty devices are necessary in order to understand the impact of different ring types and to create clinical guidelines for different patient groups.
The semi-rigid annuloplasty ring was introduced to allow mitral annular movement corresponding to the added flexibility [10] . Ring dehiscence, especially following down-sized annuloplasty in functional mitral regurgitation is still an important risk factor for repair failure. Systolic contraction of the septal-lateral (SL) direction together with muscular annular tissue in the posterior region increases the risk of ring dehiscence in the posterior part of the mitral annulus (MA) [11, 12] . Suture forces have been reported larger in the anterior region [13] but the increased collagen content in this segment improves the suture strength, decreasing the risk of dehiscence. The posterior segment consists of low-collagen muscular fibres which increases the risk of ring dehiscence [14] .
The aim of this study was to combine different biomechanical methods to investigate the myocardial stress adaptation and remodelling capacities of a rigid and a semi-rigid mitral annuloplasty ring, both compared to the native heart. The rings were evaluated in a mechanical in vitro setup and in vivo with combined force and geometry measurements.
MATERIALS AND METHODS

In vitro ring characterization
The rigid and semi-rigid mitral annuloplasty rings were examined in a mechanical test setup to quantify the ability to contract or dilate when exposed to tension or compressional forces of 0-3 N (compressional forces were defined to be positive). The rings were mounted with metal clamps to test either the SL direction (Fig. 1, left) or commissure-tocommissure (CC) direction. The testing machine (Alwetron TCT5, Kista, Sweden) was equipped with a 20 N load cell to measure force and moved with a velocity of 10 mm/min and 0.01 mm resolution. The distance between the two jaws (initial length) for the semi-rigid ring was 26 and 31 mm for the SL and CC direction, respectively. The equivalent jaw spaces for the rigid ring were 19 and 31 mm for the SL and CC direction, respectively. In addition, similar measurements were performed with fixation of the commissural segments ( Fig. 1, right) when measuring in the SL direction and fixation of the SL direction for measurements in the CC direction. The measurements were only performed once because the in vitro experiment was a more exploratory way to describe the ring characteristics, while the in vivo experiment was more confirmatory. Length information was reported as the relative length change (initial jaw space subtracted) for comparison.
Mitral annular force transducer and sonomicrometry
Mitral annular deformational forces were measured with an annular force transducer optimized for simultaneous force measurements in-and out of the MA plane. The transducer design was sized to fit the normal MA of an 80 kg porcine and mounted with six strain gauges, four positioned at the circumferential segments measuring out-of-plane forces and two in the middle part of the transducer measuring in-plane forces in the short and long axis of the MA. The transducer was optimized to minimize the crosstalk between strain gauges by dividing the outer part of the transducer into four individual segments [15, 16] . Details about the transducer development, calibration and crosstalk elimination between forces originating from different planes have previously been described [16] .
The mitral annuloplasty rings were implanted together with the transducer positioned on top of the ring (Fig. 2) , measuring the forces transferred from the MA trough the ring to the transducer. Measurements in the no ring group will be directly affected by the MA movements without the ring and expected to measure the highest amount of cyclic forces compared to the ring groups. For the ring groups, the ring is expected to reduce the amount of cyclic forces according to the remodelling capacity and stiffness in each location. The difference in cyclic forces between the no ring group and ring groups can be interpreted as the amount of cyclic force that is absorbed within the ring itself and the suture attachment to the MA (Fig. 2, right) .
MA geometry was measured with the ultrasound technique sonomicrometry (Sonometrics Corp., London, Canada) [17] . Eleven miniature piezoelectric crystals (2 mm) were implanted around the MA and in the subvalvular apparatus as illustrated in Fig. 3 .
Experimental animal protocol
The measurements were performed in an acute 80 kg porcine model (Mixed Yorkshire and Danish Landrace pig provided by University of Aarhus Experimental Animal Farm, Aarhus, Denmark). All animals were bred under standard laboratory conditions complying with guidelines for experimental animal research and approved by the Danish Inspectorate of Animal Experimentation. The details about the experimental model have previously been described [18] . Twenty-five animals were randomized into three groups: A no ring group, a rigid ring group (Classic Annuloplasty Ring M32, Edwards Lifesciences) and a semi-rigid ring group (Physio I Annuloplasty Ring M32, Edwards Lifesciences). Four animals could not be weaned from cardiopulmonary bypass and were excluded (2 from both the no ring and rigid ring group). The remaining 21 animals were evenly distributed with 7 animals in each group. The group size of 7 animals was based on previous experience with a similar experimental setup. Ring sizes were chosen to match the normal size of an 80 kg porcine heart.
Following cardiopulmonary bypass and cardioplegic arrest, 11 sonomicrometry crystals were implanted (Fig. 3) . The force transducer was pre-attached to the annuloplasty ring using eight separate sutures. The force transducer and ring were then parachuted to the MA using the same sutures as used for the sonomicrometry crystals in the MA (Fig. 2, right) . For the no ring group, the transducer was implanted in a similar way, only without the annuloplasty ring. Wires from the transducer and sonomicrometry crystals were exteriorized through the left atrium and microtip pressure catheters were placed in the left ventricle (LV) and left atrium.
After the surgical procedure and weaning from cardiopulmonary bypass, force and haemodynamic measurements were acquired. The force transducer was then removed on a beating heart by cutting the sutures between ring and transducer, leaving only the ring and sonomicrometry crystals in the MA. Geometry and haemodynamic measurements were then acquired in a second data collection. Two dimensional echocardiography was used to verify that the valve was competent at baseline, after surgery and after the force transducer was removed. After the measurements, the pig was euthanized under continued anaesthesia with intravenous injection of pentobarbital. Finally, the heart was explanted to verify the positions of the sonomicrometry crystals.
In vivo data acquisition
Each strain signal from the force transducer was acquired with data acquisition hardware (cDAQ model 9172 and NI-9237, National Instruments, Austin, TX, USA). LV and left atrial pressures were monitored with microtip pressure catheters (SPR-350S, Millar Instruments, Houston, TX, USA) and amplified with a twochannel pressure control unit (PCU-2000, Millar Instruments). The ECG was measured with a CardioMed system (Model 4008, CardioMed A/S, Oslo, Norway). All analogue signals from the pressure and ECG systems were acquired with data acquisition hardware (NI-9215, National Instruments). Strain and analogue data signals were recorded with dedicated virtual instrumentation software (LabVIEW 11.0, National Instruments, Austin, TX, USA). Signals from each sonomicrometry crystal were connected to an external ultrasound transceiver unit and inter-crystal distances were recorded with dedicated software provided by Sonometrics.
In vivo data analysis
All force, geometry and haemodynamic data were analysed with dedicated virtual instrumentation software (LabVIEW 11.0, National Instruments). The time derivative of LV pressure (LV dP/ dt) was used for data alignment between LabVIEW and sonomicrometry data. Four time points were defined throughout each heart cycle: Mid-systole was defined as the midpoint between LV dP/dt maximum and minimum. End-diastole was defined as the R-peak in the ECG and end-systole was defined as the LV dP/dt minimum. Mid-diastole was defined as the midpoint between end-systole and the following LV dP/dt maximum.
Calibrated cyclic forces were calculated as the difference between the maximum and minimum value. Out-of-plane forces were calculated directly from the calibration values and in-plane forces were processed with the crosstalk elimination algorithm as previously described [16] . Absorbed forces were calculated for each strain gauge in the ring groups as the difference between the cyclic force in the no ring group and the respective ring group.
Intercrystal distances from sonomicrometry were post processed using a multi-dimensional scaling technique to represent each crystal in a Cartesian coordinate system (SonoSOFT and SonoXYZ, Sonometrics Corp., London, Canada). Mitral annular circumference was calculated as the summarized distance between the eight annular crystals. The MA movement was represented with the SL distance (Crystal 1-5) and CC distance (Crystal 3-7). A least square plane was defined from the annular crystals (Crystal 1-8) and the projected distance from each annular crystal to the plane was calculated. Annular height (AH) was calculated as the sum of the highest crystal-plane distances on each side of the plane. All geometry parameters were reported with the maximum and minimum values and as the cyclic difference calculated as the difference between the maximum and minimum value.
In vivo excluded data
Force measurements from five single strain gauges in 5 different animals were excluded due to technical issues (two in both the rigid and semi-rigid ring group and one in the no ring group). Sonomicrometry data was excluded from one of the rigid ring animals due to inadequate data quality.
Statistical analysis
Statistics were not used for the in vitro measurements since they were analyzed with a descriptive analysis and only performed once for each ring. In vivo forces, geometry and haemodynamic data were acquired for 20 s for postoperative offline analysis and reported as an average of 10 consecutive heart cycles with a mean value ± standard deviation. After confirming a normal distribution of data with QQ-plots data from the groups were analysed by two-way repeated measurements analysis of variance using group and repetitive heart cycle as factors. The model allowed for different residual variations in the groups. In the validation step an inspection of the residuals and fitted values did not give cause to doubt this model. Groups were then compared using post hoc Wald z-tests. Haemodynamic parameters were compared between groups using a one-way analysis of variance. Absorbed forces were compared between ring groups with an unpaired t-test. All data were analysed with STATA (StataCorp LP, College Station, TX, USA) and the significance level was defined as P < 0.05.
RESULTS
In vitro ring characterization
The measurements performed in the mechanical test bench are illustrated in Fig. 4 . For the semi-rigid ring, the distance changes responding to a force range of -3 to 3 N indicated that the ring is flexible in both the SL (-4.6 to 3.0 mm) and CC (-1.3 to 1.1 mm) directions without fixation (SL direction: Fig. 1, left) . When fixated in the commissural segments (Fig. 1, right) the SL flexibility of the semi-rigid ring decreased to (-0.4 to 0.6 mm) and (-0.3 to 0.3 mm) when fixed in the SL direction. In comparison, the unfixed rigid ring did practically not deform with forces of -3 to 3 N applied in both the SL (-0.2 to 0.2 mm) and CC (-0.2 to 0.3 mm) directions. Fixation of the rigid ring did not considerably change the ring flexibility (less than 0.1 mm difference).
In vivo ring comparison
The heart rate with force transducer was 120 ± 25, 124 ± 19 and 88 ± 31 min -1 in the no ring, rigid and semi-rigid group, respectively. The peak LV pressure with force transducer was 107 ± 25, 104 ± 20 and 95 ± 23 mmHg in the no ring, rigid and semi-rigid ring group, respectively. There was no significant difference in the haemodynamic parameters.
Mitral annular geometry results are illustrated in Fig. 5 . The cyclic minimum and maximum value are plotted together (left column) in order to visualize the cyclic changes and the absolute values are illustrated at four specific time points (right column). The cyclic changes in mitral annular circumference, SL and CC distances together with AH were all significantly lower compared to the no ring group. The ring groups were comparable for all parameters although the minimum values tended to be larger for the semi-rigid ring group compared to the rigid ring group.
Mitral annular force results are illustrated in Fig. 6 . The cyclic forces in the rigid ring group were lowered in all segments and directions compared to the no ring group, though only significant in the anterior commissure segment and CC direction. Forces in the semi-rigid ring group were lower compared to the no ring group (significantly lower in the anterior and anterior commissure segments and in the CC direction) except for the posterior (POST) segment and SL direction (POST: 0.58 ± 0.36 N vs 0.51 ± 0.26 N, SL: 2.37 ± 1.51 N vs 2.12 ± 1.09 N). The calculated absorbed forces in the two ring groups are outlined in the lower part of Fig. 6 . The absorbed forces are comparable but significantly different in the POST segment and SL direction (POST: 0.21 ± 0.11 N vs -0.07 ± 0.17 N, SL: 0.91 ± 0.50 N vs -0.25 ± 0.70 N). Representative force and geometry curves for the septallateral and commissure-to-commissure directions are shown in Fig. 7 .
DISCUSSION
In this study, we have combined several measurement steps and techniques to describe the differences and similarities between a rigid and semi-rigid mitral annuloplasty ring. This study is the first to describe the mechanical properties of annuloplasty ring devices in a mechanical setup and compared to In vivo measurements when implanted at the MA.
The semi-rigid ring characteristics evaluated in vitro (Fig. 4) showed to be very different when fixated in the SL and CC direction. The fixed semi-rigid ring tended to be slightly more flexible than the unfixed rigid ring, but with several suture fixation points around the circumference (as when implanted In vivo) this flexibility would properly be neglectable. The lowered flexibility in both ring groups were also observed in the geometric In vivo results (Fig. 5) , as reported elsewhere [19] , with no overall differences in the cyclic annular movements. The minimum values for the SL-, CC-distance and AH seems to be slightly higher for the semi-rigid ring group. Although both rings had the same ring size (M32), other studies have addressed that these differences can be explained due to design [20, 21] . The size of each sonomicrometry crystal is 2 mm and since they are implanted between the annulus and ring, absolute dimensions may be overestimated because the crystals are positioned just outside the ring. The AH of the semi-rigid ring is only slightly higher (non-significant) than the rigid ring despite the fact that the ring is designed with an annular-height-to-commissural-width-ratio of around 10%. This could be explained be the sonomicrometry crystal insertion method between the annulus and ring and not the ring itself.
All curves for geometry and force measurements were examined to observe systolic trends and the relationship between force generation and annular movement. Due to the fact that geometry and force were acquired in two separate acquisitions the difference in heart rate can complicate the comparison. Therefore, representative curves are shown in Fig. 7 with a heart rate normalized to 90 min -1 in order to compare cycles. For 6/7 animals in the no ring group, a positive force (inward) and contraction was observed in the SL direction and a negative force (outward) with contraction was observed in the CC direction. One would expect that the force direction and contraction/dilatation should be consistent as for the SL direction, but the negative CC force (outward) could be explained by the annulus responding to a stiff ring together with the formation of an annular saddle shape. For 5/7 animals in the semi-rigid ring group, a negative force and dilatation was observed in the SL direction together with a positive force and contraction in the CC direction. The minor dilatation of the SL direction seen in 5/7 animals is non-physiological when referring to the no ring group and could potentially induce some degree of mitral regurgitation, although this was not observed in this study. The SL dilatation could be explained from the slightly larger CC forces compared to the SL forces in the no ring group. The semi-rigid ring designed as a full ring may transfer some of this CC force along the circumference to dominate the SL contraction and thus generate a dilatation [15] .
The absorbed forces were significantly lower in the posterior segment and SL direction for the semi-rigid ring compared to the rigid ring (Fig. 6 ). With the current measurement technique, it is not possible to distinguish the absorbed forces within the ring and at the suture attachments (Fig. 2) however we anticipate that they are correlated. Although the annular movement of the semi-rigid was comparable with the rigid ring, reduced absorbed forces suggest a better myocardial stress adaptation and may thereby decrease the risk of ring dehiscence and repair failure [13, 14] . We address this improved stress adaptation to the design of the semi-rigid ring with four cobalt-chromium bands that unlike the rigid ring with a solid titanium core are able to absorb forces originating from the MA. Data from the current study may contribute to the development of new intelligent annuloplasty ring devices combining biomechanical knowledge about the MA (no ring group) with mechanical in vitro measurement to achieve a particular shape or disease-specific ring. For instance: The semi-rigid ring is designed with the intended ability to allow a natural systolic SL contraction [22] . In vivo data from this study suggests that the systolic SL contraction is around 4 mm (Fig. 4) in the no ring group with a corresponding SL force at around 2 N (Fig. 5) . Compared to Fig. 3A without fixation these measurements seem to be fulfilled by the current design, but with fixation in the commissural area (as when implanted) the systolic SL movement is negligible just as the in vivo measurements suggest. As an example of the applicability of this study, our data suggest that the dynamics of the semi-rigid ring would be improved with some flexibility in the CC direction.
Limitations
The above results must be interpreted in light of several limitations inherent in this experiment. The data were obtained in an acute, open-chest setting immediately after a long and complicated cardiac surgical procedure. The experiments were performed in normal animal hearts without the pathophysiological deformation of the MV apparatus which may accompany chronic mitral regurgitation in patients. Although one should be careful to translate results from this kind of study directly to the clinical situation we anticipate that the remodelling effect of the mitral ring annuloplasty in the diseased heart with functional annular dilation might be significantly higher than the observed cyclic and absorbed forces in this protocol and thereby intensify the issues addressed in this study. It is important to emphasize that the experiments were of more exploratory nature and even though repeated measurements analysis of variance might have reduced the risk of Type I statistical error, conclusions based on such comparisons must be stated circumspectly.
CONCLUSION
In this study, we have combined in vitro mechanical measurements with in vivo animal experiments to gain better understanding of the rigid and semi-rigid mitral annuloplasty ring compared to the native heart. Both rings restricted the cyclic movement of the MA and the intended SL directed flexibility for the semi-rigid ring was not observed. The higher stabilization in both rings was mediated through less deformational force transferred to the transducer due to absorption in the ring itself and sutures. Both rings induced these forces but were significantly lower in the posterior segment and SL direction for the semi-rigid ring, suggesting a more physiological myocardial stress adaptation in these specific areas which may reduce the risk of ring dehiscence.
Mechanical measurements indicated the importance of fixation when evaluating ring devices ability to contract or dilate when exposed to tensile or compressive forces. The apparent semi-rigid ring was only slightly more flexible in the SL and CC direction compared to the very rigid ring when fixated in the commissural area and SL direction, respectively. The results from this study suggest that annuloplasty rings devices should be evaluated under different loading conditions, with and without annular fixation, in order to differentiate between rigid, semi-rigid or flexible ring properties. The geometry and force results from this study should be used to develop future annuloplasty ring devices in order to optimize MA movement and minimize force absorption in the ring and sutures.
